Coral bleaching caused by heat stress is accompanied by photoinhibition, which occurs under conditions where the rate of photodamage to photosystem II (PSII) exceeds the rate of its repair, in the symbiotic algae (Symbiodinium spp.) within corals. However, the mechanism of heat stress-induced photoinhibition in Symbiodinium still remains poorly understood. In the present work, we have investigated the effect of elevated temperature on the processes associated with the repair of photodamaged PSII in cultured Symbiodinium (OTcH-1 and CS-73). Severe photoinhibition was observed at temperature exceeding 32°C in Symbiodinium CS-73 cells grown at 25-34°C but not in cultures of the more thermally tolerant Symbiodinium OTcH-1. After photoinhibition treatment by strong light, photodamaged PSII was repaired close to initial levels under low light at 25°C in both OTcH-1 and CS-73. However, the repair was strongly inhibited by increased temperature exceeding 31°C in CS-73 but only weakly in OTcH-1. We found that inhibition of the repair process in CS-73 is attributed to impairment of both protein synthesis-dependent and -independent repair processes and is at least partially caused by suppression of the de novo synthesis of thylakoid membrane proteins and impairment of the generation of ⌬pH across the thylakoid membrane, respectively. Our results suggest that acceleration of photoinhibition by moderate heat stress is attributed primarily to inhibition of the repair of photodamaged PSII and that the photoinhibition sensitivity of Symbiodinium to heat stress is determined by the thermal sensitivity of the PSII repair processes.
R
eef-building corals harbor endosymbiotic dinoflagellate algae of the genus Symbiodinium spp., commonly named zooxanthellae. Symbiodinium perform photosynthesis within host cells and transfer a part of photosynthetically produced organic nutrients to host cells (1, 2) . In return, the host cells provide inorganic compounds used for the algal photosynthesis to Symbiodinium. Thus, efficient photosynthesis is important for maintaining mutual symbiosis between corals and Symbiodinium. Moderate heat stress causes photoinhibition of photosystem II (PSII), and this decreases the efficiency of the photosynthesis. Because coral bleaching follows severe photoinhibition, impairment of the photosynthetic machinery has been proposed to be a trigger of coral bleaching (3, 4) . Coral bleaching, caused by ongoing global warming, has become more frequent and has resulted in extensive coral mortality and the destruction of diverse coral ecosystems worldwide.
Photosynthesis in Symbiodinium within reef-building corals and other symbiotic invertebrates is sensitive to a moderate increase in seawater temperature (5, 6) . In Symbiodinium isolated from the jellyfish Cassiopeia xamachana, photosynthesis is inhibited at temperatures above 30°C and completely disrupted at 34-36°C (7) . Subsequent studies have shown that reduced photosynthesis caused by thermal stress in Symbiodinium can be attributed to photoinhibition of PSII (3, 4) . It has also been proposed that the Calvin cycle is the primal site of heat stress, and interruption of the Calvin cycle causes acceleration of photoinhibition (8) . This hypothesis was supported by in vitro experiments that demonstrated that thermal stress inactivates ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco) isolated from Symbiodinium (9) . However, more recent evidence has shown that thermal damage to thylakoid membranes causes photoinhibition in cultured Symbiodinium and that the inhibition of the Calvin cycle may result from reduced ATP synthesis associated with an increased leakage of protons through damaged thylakoid membranes (10) . These authors also demonstrated that the sensitivity of Symbiodinium to photoinhibition during thermal stress is correlated with the lipid composition of the thylakoid membrane.
The extent of photoinhibition is a result of a dynamic balance between the rate of photodamage to PSII and the rate of its repair (11, 12) . Therefore, photoinhibition occurs only in conditions where the rate of photodamage exceeds the rate of its repair. Recent experiments in plants and cyanobacteria have demonstrated that photodamage to PSII occurs via a two-step process: the first step is the light-dependent inactivation of the Mn cluster of the oxygen-evolving complex, and the second step is the inactivation of the photochemical reaction center of PSII by light that has been absorbed by photosynthetic pigments (13, 14) . Because photodamage to PSII is associated with light absorbed by Mn in the oxygen-evolving complex but not photosynthetic pigments such as chlorophyll (Chl) and carotenoids, the rate of photodamage is proportional to the intensity of incident light (12, 15) . Thus, photodamage is not primarily associated with excess absorbed light energy, the photosynthetic transfer of electrons, or the resulting production of reactive oxygen species (12, (16) (17) (18) . After photodamage to PSII, PSII is repaired through protein synthesis-dependent and -independent PSII repair processes (19) . The protein synthesis-dependent repair is associated with the de novo synthesis of PSII proteins, primarily the D1 protein that is a reaction center protein of PSII (11, 20) . However, the mechanism of protein synthesisindependent repair is poorly understood.
In Symbiodinium living within corals, elevated temperature has been demonstrated to accelerate photoinhibition through inhibition of the PSII repair process rather than acceleration of the photodamage process (21) . The thermal sensitivity of the repair processes varies among Symbiodinium associated with different coral species, i.e., PSII repair in Symbiodinium within Acropora digitifera is more sensitive to thermal stress than that within Pavona decussate (21) . Because there are many genetic variants of Symbiodinium species and the dominant Symbiodinium species differs among coral species (22) (23) (24) (25) , the differential thermal sensitivity of PSII repair processes of Symbiodinium variants might determine the sensitivity of coral bleaching to thermal stress. This possibility remains to be tested experimentally.
In the present work, we have investigated the effect of moderate heat stress on the repair of photodamaged PSII in two cultured Symbiodinium species. Our results demonstrate that the thermal sensitivities of the protein synthesis-dependent and -independent repair processes differed between Symbiodinium OTcH-1 and CS-73 [both Clade A species (26)], with CS-73 being more susceptible than OTcH-1 to thermally induced inhibition of both repair processes, and this determines the different sensitivities of photoinhibition in the two Symbiodinium species to thermal stress. Surprisingly, our results indicate that protein synthesis-dependent repair was not associated with the rapid de novo synthesis of the D1 proteins in Symbiodinium.
Results
Direct Effect of Heat Stress on PSII in the Dark. To examine the direct effect of moderate heat stress on inactivation of PSII, we measured the maximum quantum yield of PSII (F v /F m ) in Symbiodinium OTcH-1 and CS-73 after exposure to darkness at temperatures ranging from 25°C to 36°C for 30 min. The measured F v /F m remained unchanged up to 32°C in both species but declined to zero at 36°C in OTcH-1 and at 35°C in CS-73 (Fig. 1) . The results indicate that CS-73 is slightly more sensitive to heat stress-induced inactivation of PSII in the dark than OTcH-1. In cyanobacteria Synechocystis PCC6803 (27) (28) (29) and green alga Chlamydomonas reinhardtii (30) , different lipid composition of the thylakoid membranes has been demonstrated to correlate with the thermal stability of PSII at the oxygen production site.
Effect of Moderate Heat Stress on Photoinhibition. To examine the effect of moderate heat stress on photoinhibition of PSII in both Symbiodinium species, the F v /F m was measured after incubation in light at 200 mol of photons m Ϫ2 s Ϫ1 at temperatures ranging from 25°C to 34°C for 3 h. Before light treatment, Symbiodinium cells were preincubated in darkness at each temperature treatment for 30 min and the initial F v /F m value measured. In both species, F v /F m remained unchanged over the temperature range during further incubation in darkness for 3 h [supporting information (SI) Fig. S1 ]. When OTcH-1 cells were exposed to light, the F v /F m value declined to 80% of initial level at 25°C, and the decline was enhanced slightly by increased temperature (the value declined to 70% of initial level at 34°C) ( Fig. 2A) . In CS-73, the F v /F m value declined to 95% of the initial level at 25°C, and the decline was strongly enhanced by temperatures exceeding 32°C (the value declined to 65% and 10% of initial at 33°C and 34°C, respectively) (Fig. 2B) . These results demonstrated that CS-73 is much more sensitive to photoinhibition associated with thermal stress than OTcH-1, as shown in ref. 26 .
The effect of temperature on photoinhibition in the presence of chloramphenicol, an inhibitor of the de novo synthesis of chloroplast proteins (Fig. S2 ), was examined ( Fig. 2 C and D) . When OTcH-1 was exposed to light in the presence of chloramphenicol at temperatures ranging from 25°C to 34°C for 3 h, photoinhibition was slightly accelerated by 34°C (Fig. 2C) . However, in CS-73, photoinhibition was significantly accelerated by temperatures above 31°C, and the extent of acceleration was temperature-dependent (Fig. 2D) . Because chloramphenicol inhibits the protein synthesis-dependent repair of photodamaged PSII, acceleration of photoinhibition of CS-73 by elevated temperature in the presence of chloramphenicol could be attributable to acceleration of photodamage to PSII and/or inhibition of the protein synthesis-independent repair.
Effect of Moderate Heat Stress on Repair of Photodamaged PSII.
To examine the effect of moderate heat stress on the repair processes of photodamaged PSII, we monitored the recovery of F v /F m after photoinhibition treatment by strong light (Fig. 3) . After Symbiodinium cells of both species were exposed to strong light (2,000 mol of photons m Ϫ2 s Ϫ1 ) for 1 h, the level of F v /F m had declined to 30% of the initial level in both species. After photoinhibition treatment, Symbiodinium cells were preincubated in darkness at temperatures ranging from 25°C to 34°C for 30 min and subsequently exposed to low light (20 mol of photons m Ϫ2 s Ϫ1 ) to allow repair. The reduced F v /F m recovered close to the initial level at 25°C in OTcH-1 and CS-73 ( Fig. 3 A  and B) . The recovery was abolished in both species in darkness (Fig. S3) , indicating that the recovery of photodamaged PSII is light-dependent. In OTcH-1, the recovery was slightly suppressed at 34°C (Fig. 3A) , whereas in CS-73, the recovery was increasingly suppressed at temperatures above 31°C and abolished at 33°C (Fig. 3B ). At 25°C, the addition of chloramphenicol to the media had a modest influence on the recovery of F v /F m in both species (Fig. 3 C and D) , indicating that the recovery from photodamage consists of protein synthesisdependent and -independent repair processes. The protein synthesis-independent repair, which was measured as chloramphenicol-insensitive recovery of the F v /F m , was severely suppressed by thermal stress in CS-73, and the recovery was abolished at 33°C (Fig. 3D) . However, in OTcH-1, the protein synthesisindependent repair was still efficient even at 34°C (Fig. 3C) .
The protein synthesis-dependent repair that had been measured as chloramphenicol-sensitive recovery of the F v /F m showed an optimal temperature for its efficiency at 32-33°C and 31°C in OTcH-1 and CS-73, respectively ( Fig. 3 E and F) . In CS-73, but not OTcH-1, the protein synthesis-dependent repair was abolished at 33°C (Fig. 3F) . These results indicated that heat stress inhibits the protein synthesis-dependent and -independent repair processes in CS-73 but only weakly in OTcH-1. Thus, heat stress-induced photoinhibition of CS-73 (Fig. 2B) can be attributed to inhibition of both the protein synthesis-dependent and -independent repair processes. Furthermore, acceleration of photoinhibition of CS-73 by heat stress in the presence of chloramphenicol (Fig. 2D ) is attributable to inhibition of the protein synthesis-independent repair process. However, we cannot exclude that heat stress-induced photoinhibition of CS-73 in the presence (Fig. 2D ) and absence of chloramphenicol (Fig. 2B) is at least partially attributable to acceleration of photodamage to PSII.
Effect of Moderate Heat Stress on de Novo Synthesis of Thylakoid
Membrane Proteins. To examine whether inhibition of the protein synthesis-dependent repair in CS-73 under moderate heat stress is attributed to inhibition of the synthesis of thylakoid membrane proteins, the de novo synthesis of proteins was monitored at temperatures ranging from 25°C to 34°C in OTcH-1 and CS-73 (Fig. 4A) . Under illumination, the D1 protein is primarily synthesized in thylakoid membranes in cyanobacteria, algae, and higher plants (11) . However, in both OTcH-1 and CS-73, there was no evidence for D1 protein synthesis at the temperatures tested, although other thylakoid membrane proteins were significantly synthesized (Fig. 4A ). This result indicated that the protein synthesis-dependent repair of photodamaged PSII is not associated with the rapid de novo synthesis of the D1 protein in Symbiodinium. The synthesis of thylakoid proteins was enhanced by increase in temperature to 32°C in both OTcH-1 and CS-73 (Fig. 4A) . However, the synthesis was suppressed by further increase in temperature to 34°C in CS-73 but not in OTcH-1. These results indicated that the synthesis of membrane proteins in CS-73 is more sensitive to heat stress than in OTcH-1 and that inhibition of the protein synthesis-dependent repair in CS-73 by heat stress (Fig. 3F) is at least partially attributed to suppression of the de novo synthesis of thylakoid membrane proteins. Effects of Proton Uncoupling on PSII Repair Processes. We examined the effect of the proton uncoupler NH 4 Cl on the repair of photodamaged PSII in CS-73, to determine whether the inhibition of the protein synthesis-dependent and -independent repair under moderate heat stress resulted from impairment of the generation of ⌬pH across the thylakoid membrane after thermal damage to the membrane. The effectiveness of NH 4 Cl was tested by its inhibition of non-photochemical quenching (NPQ) development (Fig. S4) , which is regulated by proton gradation across the thylakoid membrane, during illumination (the NPQ level decreased by 75% in the presence of 1 mM NH 4 Cl). The extent of photoinhibition was accelerated by NH 4 Cl in either the presence or absence of chloramphenicol (Fig. 5A ). After photoinhibition treatment by strong light, the recovery of photodamaged PSII under low light was suppressed by NH 4 Cl both in the presence and absence of chloramphenicol (Fig. 5B) . However, NH 4 Cl had no effect on the protein synthesis-dependent repair that has been measured as chloramphenicol-sensitive recovery of the F v /F m (Fig. 5B) . Furthermore, NH 4 Cl had no effect on the synthesis of membrane proteins (Fig. 5C ). Similar results were obtained with OTcH-1, although the protein synthesis-dependent repair was slightly suppressed by NH 4 Cl (Fig.  S5) . These results indicate that impairment of the generation of ⌬pH across the thylakoid membrane during illumination primarily causes inhibition of the protein synthesis-independent repair of photodamaged PSII.
Discussion
Inhibition of the Repair of Photodamaged PSII by Heat Stress Accelerates Photoinhibition. Moderate heat stress accelerates photoinhibition of Symbiodinium within corals especially under strong light conditions (21) . Fig. 6 shows a schematic model for the photoinhibition of PSII under moderate heat stress in thermally sensitive Symbiodinium in culture. Light damages PSII, and the rate of photodamage is light intensity-dependent (31) (32) (33) . At optimal temperature conditions, the photodamaged PSII is rapidly repaired via a complex pathway that includes both protein synthesis-dependent and -independent processes. However, when thermally sensitive Symbiodinium are subjected to rapid temperature increases, the rate of photodamage exceeds the rate of PSII repair because of impairment of both repair processes ( Fig. 3) , resulting in net photoinhibition (Fig. 2) . Whether the mechanism of thermally induced photoinhibition shown here in cultured Symbiodinium is emulated in symbiotic variants and universal among thermally sensitive Symbiodinium species remains to be determined. Moderate heat stress accelerates photoinhibition of symbiotic Symbiodinium cells within corals, and the sensitivity to heat stress can vary among host coral species (3) . It has been demonstrated that the variation in the sensitivity of photoinhibition to heat stress among corals is associated with sensitivity of the repair of photodamaged PSII (21) . In this work, we showed that the sensitivity of the repair of photodamaged PSII to heat stress varied between the two Clade A Symbiodinium species (Fig. 3) , and this variable sensitivity determined the sensitivity of net photoinhibition to heat stress (Fig. 2) . This finding strongly suggests that variation of the sensitivity of the PSII repair to heat stress among coral species is attributable to different Symbiodinium species associated with corals (22) (23) (24) (25) . Thus, corals that harbor Symbiodinium where PSII repair is thermally sensitive are more susceptible to photoinhibition and, accordingly, more prone to coral bleaching under elevated seawater temperature. However, it should be noted that the sensitivities of photoinhibition and coral bleaching are not determined only by the properties of the Symbiodinium species, because host factors, such as the production of host pigments (34, 35) and the colony morphology of corals (36), also have the potential to influence these sensitivities. Recent studies have demonstrated that thermally induced photoinhibition is strongly associated with coral bleaching caused by photobleaching of photosynthetic pigments in individual Symbiodinium in corals (21, 26) . Whether photoinhibition on its own or in concert with broader physiological events in symbiont and host causes expulsion of Symbiodinium from corals remains unqualified (37), although there are many reports showing that thermally induced loss of Symbiodinium is accompanied by photoinhibition (4, 7, 8, 38) .
Unique Repair Pathway for Photodamaged PSII. When OTcH-1 and CS-73 cells were exposed to light at 25°C, a small extent of photoinhibition was observed in both species ( Fig. 2 A and B) . However, in the presence of chloramphenicol, the extent of photoinhibition was strongly enhanced in both species ( Fig. 2 C  and D) , indicating that the protein synthesis-dependent repair of photodamaged PSII is important for avoiding photoinhibition of Symbiodinium and in other photosynthetic organisms (11) . In plants, protein synthesis-dependent repair is attributed to the rapid de novo synthesis of PSII proteins, primarily the D1 protein (31, (39) (40) (41) (42) . However, this was not the case in both Symbiodinium species experimented here with no D1 protein synthesis evident in illuminated Symbiodinium cells between 25°C and 34°C (Fig. 4A) . This suggests that Symbiodinium may have a unique protein synthesis-dependent PSII repair process that is not associated with the rapid de novo synthesis of the D1 protein.
We found that a 15-kDa protein of unknown identity is strongly synthesized in the membrane of Symbiodinium (Fig. 4 A) .
Whether this protein might involved in the protein synthesisdependent repair in Symbiodinium remains to be determined. In higher plants, protein synthesis-independent repair is negligible compared with protein synthesis-dependent repair (19) . However, in Symbiodinium, the photodamage of PSII (F v /F m decreased to 30% of the initial level) by strong light recovered to 80-85% of initial level at 25°C even in the presence of chloramphenicol, suggesting that protein synthesis-independent PSII repair and protein synthesis-dependent PSII repair are important for PSII repair in Symbiodinium. The repair after photoinhibition was abolished in complete darkness (Fig. S3) . Furthermore, the protein synthesis-independent repair, but not protein synthesis-dependent repair, was severely inhibited by the proton uncoupler NH 4 Cl (Fig. 5B) . This suggests that the generation of ⌬pH across the thylakoid membrane through photosynthetic electron transfer is important for the protein synthesis-independent repair. Luminal pH might be associated with protein synthesis-independent repair.
How Does Elevated Temperature Inhibit the Repair of Photodamaged
PSII? Recent experimental evidence in cultured Symbiodinium has demonstrated that thermal damage to the thylakoid membrane causes acceleration of net photoinhibition (10) possibly as a result of damaged thylakoid membranes becoming leaky to protons. Our results showed that the uncoupler NH 4 Cl causes inhibition of the protein synthesis-independent repair of photodamaged PSII in Symbiodinium. Thus, inhibition of the protein synthesis-independent repair in CS-73 under elevated temperature might be attributed to impairment of the generation of ⌬pH across the thylakoid membrane caused by leakage of protons after thermal damage (10) .
A moderate increase in temperature also inhibited the protein synthesis-dependent repair process in Symbiodinium CS-73. Under such conditions, the synthesis of thylakoid membrane proteins was severely suppressed (Fig. 4A) , indicating that inhibition of protein synthesis-dependent repair can be at least partially attributed to suppression of the de novo synthesis of thylakoid membrane proteins. However, there is uncertainty about the specific proteins that are involved in the protein synthesisdependent repair in Symbiodinium. In cyanobacteria and higher plant chloroplasts, H 2 O 2 inhibits protein synthesis-dependent repair through inhibition of the de novo synthesis of PSII proteins, primarily the D1 protein (17, 33) . Because thermal damage to the thylakoid membrane accelerates the production of H 2 O 2 at photosystem I (10), thermal inhibition of the synthesis of thylakoid membrane proteins could be attributable to the production of H 2 O 2 . However, in our studies here, the uncoupler NH 4 Cl, which should accelerate the production of H 2 O 2 through interruption of the Calvin cycle caused by proton uncoupling, had no effect on the synthesis of thylakoid membrane proteins ( Fig. 5C and Fig. S5C ). Furthermore, 1 mM methylviologen also had no effect on membrane protein synthesis (Fig. S6) . Thus, the regulation of the synthesis of membrane proteins in Symbiodinium is distinctly different from other well-studied photosynthetic organisms, such as plants, green algae, and cyanobacteria, and is not regulated by photophosphorylation and redox potential (43) . Our results also indicate that inhibition of the membrane protein synthesis in Symbiodinium by moderate heat stress is not attributed to the production of H 2 O 2 . Thus, thermal damage to thylakoid membranes might therefore directly suppress the synthesis of thylakoid membrane proteins (i.e., suppressions of the translation of protein synthesis on thylakoid membrane or incorporation of proteins into thylakoid membrane) (44) .
What Determines the Sensitivity of PSII Repair to Thermal Stress? The differences in the sensitivity of photoinhibition to thermal stress between Clade A Symbiodinium species OTcH-1 and CS-73 are primary correlated with the sensitivity of PSII repair processes to thermal stress. Clearly, thermal sensitivity of Symbiodinium species was not Clade-specific, consistent with previous reports (10) . Recent experimental evidence in cultured Symbiodinium has demonstrated that thylakoid lipid composition determines the photoinhibition sensitivity of Symbiodinium to heat stress, with thermally sensitive Symbiodinium species having a higher content of the major polyunsaturated fatty acid (⌬6,9,12,15-cisoctadecatetrasenoic acid) (10) . In cyanobacteria, genetic modification of lipid composition of thylakoid membrane has been demonstrated to change the PSII repair efficiency (45, 46) . The thermal stability of thylakoid membrane might therefore define the sensitivity of the repair of photodamaged PSII to thermal stress in Symbiodinium. Temperature Treatments. Freshly harvested cells were diluted to 10 g of Chl per mL, and equal volumes were incubated at different temperatures in darkness for 30 min before either being illuminated at 200 mol of photons m Ϫ2 s Ϫ1 or maintained in darkness. Total amount of Chl was extracted and measured as shown in ref. 26 . Temperature treatments were performed in 1-mL glass vials incubated in an aluminum heat gradient block. All treatment temperatures were generated simultaneously in the block with three replicates at each temperature. 
Materials and Methods

Separation of Thylakoid Membrane Proteins and Detection of Radiolabeled
Proteins. Stored cells (see above) were suspended in 1 mL of extraction buffer [50 mM Hepes (pH 7.6), 0.1 M sorbitol, 10 mM NaCl, and 5 mM MgCl 2] and lysed by passed through a French pressure cell (SLM Instruments) at 140 MPa. Thylakoid membranes were collected by centrifugation at 16,000 ϫ g for 3 min at 2°C, and the thylakoid-associated proteins were solubilized with LDS sample buffer (Invitrogen), reducing agent (Invitrogen), and 70°C treatment for 5 min. Cell debris was removed by centrifugation (16,000 ϫ g) for 1 min, and then equal volumes of the supernatant (corresponding to 1.5 g of Chl) were separated by SDS/PAGE (NuPAGE Novex 4 -12% Bistris gel; Invitrogen) in Mes-SDS running buffer according to manufacturer's specifications (Invitrogen). After SDS/PAGE, proteins were blotted onto Immobilon PVDF (Millipore) membrane by using a Hoeffer semidry blot apparatus according to the manufacturer's specifications. The transferred proteins were visualized on the PVDF membrane by GelCode Blue Stain Reagent (Thermo Science) before removing with 95% (vol/vol) methanol washes. The membrane was used for immunoblotting (see below) or exposed to a storage phosphor screen (Molecular Dynamics) for detecting the 35 S-labeled proteins with a PhosphorImager (Molecular Dynamics).
Immunoblot Analyses. Antibodies specific to the D1 protein (AgriSera AB) were used to probe the PVDF-protein blots as described in ref. 49 . Immunoreactive peptides were visualized by probing with alkaline phosphatase-conjugated secondary antibodies and developing with the AP conjugate substrate kit (Bio-Rad).
